We define here a new mechanism through which Mdm2 (mouse double minute 2) regulates p53 activity, by targeting the p53 transcription cofactor JMY. DNA damage causes an increase in JMY protein, and, in a similar manner, small molecule inhibitors of Mdm2 activity induce JMY in unperturbed cells. At a mechanistic level, Mdm2 regulation of JMY requires the Mdm2 RING (really interesting new gene) finger, which promotes the ubiquitin-dependent degradation of JMY. However, regulation of JMY occurs independently of the p53-binding domain in Mdm2 and p53 activity. These results define a new functional relationship between the p53 cofactor JMY and Mdm2, and indicate that transcription cofactors that facilitate p53 activity are important targets for Mdm2 in suppressing the p53 response.
INTRODUCTION
The p53 tumour suppressor protein is a transcription factor that has a pivotal role in the prevention of malignant diseases. The ability of p53 to suppress tumorigenesis is mediated through its response to cellular stress, which culminates in cell-cycle arrest, apoptosis or DNA repair (Levine, 1997) . In normal cells, p53 is maintained at low levels in a latent form; however, cellular stress results in the rapid stabilization of p53, which then mediates the p53 response through activation of a wide group of target genes (Vousden & Lu, 2002) . The importance of the tumour suppressor function of p53 is highlighted by the fact that mutation of the p53 gene is one of the most common aberrations observed in human tumour cells (Hollstein et al, 1994) .
In addition to genes involved in cell-cycle arrest and apoptosis, p53 activates genes that are required for its own regulation, the most important of these being mdm2 (mouse double minute 2; Barak et al, 1993) . The Mdm2 protein is a key regulator of p53, which targets p53 at multiple levels, including transcriptional activation, stability and subcellular localization (Freedman et al, 1999) . Mdm2 promotes the ubiquitination of p53 and then targets it for degradation by the 26S proteasome (Haupt et al, 1997; Kubbutat et al, 1997; Fang et al, 2000) , and phosphorylation of certain amino-acid residues in p53 has been correlated with increased stability of p53 and attenuated interaction with Mdm2 (Alarcon- Vargas & Ronai, 2002) . Furthermore, p53 ubiquitination has been linked to regulation of its localization; the RING (really interesting new gene) finger domain of Mdm2, which harbours its ubiquitin ligase activity, is essential to relocalize p53 to the cytoplasm (Boyd et al, 2000; Geyer et al, 2000) . Thus, ubiquitination-deficient p53 mutants are resistant to Mdm2-mediated nuclear export (Lohrum et al, 2001) , suggesting that ubiquitination of p53 can affect its cellular localization and enhance its export.
Another important regulator of p53 activity is the p300/CBP (CREB-binding protein) family of proteins, which act as coactivators for a diverse number of transcription factors including p53 (Chan & La Thangue, 2001 ). In regulating p53 transcription, p300/ CBP proteins form multi-component complexes with both positive and negative regulators of p53 activity, including Mdm2 (Grossman et al, 1998) . Mdm2 binds to p300, and Mdm2 mutants that are defective in p300 binding lose their ability to degrade p53 (Zhu et al, 2001) , suggesting that p300 is also important in mediating the negative effects of Mdm2. It is noteworthy that in addition to the ubiquitin ligase activity in Mdm2, p300 has a ubiquitin ligase that targets p53 (Grossman et al, 2003) . p300 binds to various cofactors that enhance the p53 response (Coutts & La Thangue, 2005) . Two such cofactors, JMY and Strap, are required for p53 activity (Shikama et al, 1999; Demonacos et al, 2001 Demonacos et al, , 2004 . JMY and p300 cooperate in augmenting the p53 response and both are recruited to p53 in a protein complex in response to DNA damage (Shikama et al, 1999) .
In this study, we considered the possibility that, in addition to p53, Mdm2 regulates cofactors that contribute to p53 activity. In this regard, we find that DNA damage causes JMY to accumulate, and further small molecule inhibitors of Mdm2 induce JMY protein. Furthermore, we show that Mdm2 downregulates JMY activity through a ubiquitin-dependent pathway. This requires the integrity of the Mdm2 RING finger domain, but occurs independently of the p53-binding domain and p53 activity. These results indicate that JMY is regulated by Mdm2 and, more generally, that transcription cofactors that facilitate p53 activity are likely to be important targets for Mdm2 in overcoming the p53 response.
RESULTS AND DISCUSSION JMY accumulates in DNA-damaged cells
We assessed whether JMY was regulated in cells treated with DNA-damaging agents. Under conditions of DNA damage that activated p53, we observed a concomitant increase in JMY levels (Fig 1A,B) . We assessed a variety of damaging agents, including ultraviolet light, etoposide and actinomycin D, all of which caused the induction of JMY (Fig 1A-D) . The results indicate that JMY is a DNA-damage responsive protein.
Mdm2 regulates the stability of p53 during the DNA damage response (Freedman et al, 1999; Ashcroft et al, 2000) ; therefore, we reasoned that it might have a similar role in controlling JMY. We assessed the effect of two small molecule inhibitors of Mdm2 activity on JMY levels (Lai et al, 2002; Vassilev et al, 2004) . In cells treated with either nutlin-3 or an inhibitor of Mdm2 E3 ligase, there was a specific and significant increase in JMY levels (threeand twofold, respectively; Fig 2A,B) , suggesting that Mdm2 negatively regulates JMY activity in unperturbed cells. Nutlin-3 increased JMY levels in a time-dependent manner, with the most noticeable increases observed after 3 h of treatment (Fig 2C) . This effect was not due to increases in p53 observed after nutlin-3 treatment (Fig 2C) , as similar results were seen in p53 À/À mouse . Furthermore, in p53 À/À /Mdm2 À/À MEFs, JMY levels were not increased after treatment with either nutlin-3 or the Mdm2 E3 ligase inhibitor (Fig 2A) , suggesting that this effect is related to the presence of Mdm2. Consequently, we found that Mdm2 and JMY occurred in the same immunoprecipitate when either Mdm2 or JMY antibodies were used ( Fig 2E) . These results indicate that Mdm2 negatively regulates and interacts with JMY under physiological conditions.
Mdm2 regulates JMY stability
As Mdm2 targets p53 for degradation (Haupt et al, 1997; Kubbutat et al, 1997; Fang et al, 2000) , the interaction between Mdm2 and JMY might alter the levels and stability of JMY. First, we assessed whether Mdm2 altered the subcellular level of JMY in p53 À/À /Mdm2 À/À MEFs; this allowed us to rule out any contribution from endogenous p53 and Mdm2 to JMY activity. JMY is principally localized to the nucleus ( Fig 3A) and when Mdm2 was expressed in p53 À/À /Mdm2 À/À MEFs we observed the downregulation of JMY (Fig 3B-E) . This effect was specific to Mdm2 as the expression of green fluorescent protein (GFP), which also accumulated in nuclei, failed to affect the level of JMY (Fig 3B,C) . Second, as the Mdm2 E3 ligase is involved in regulating JMY levels (Fig 2A) , and E3 ligase ubiquitinates and promotes degradation by means of proteasomes (Ardley & Robinson, 2005) , we investigated whether a similar mechanism was involved in JMY control. In the presence of MG132, Mdm2 failed to cause a reduction in the level of nuclear JMY, in contrast to the effect of wild-type Mdm2 in the absence of MG132 (Fig 3B) . Similarly, immunoblotting showed a reduced effect of Mdm2 on JMY in cells treated with MG132 (Fig 3D,E) .
Mdm2 regulates JMY ubiquitination
To clarify the role of Mdm2, we studied the level of JMY in wildtype MEFs compared with p53 À/À /Mdm2 À/À MEFs. The constitutive level of JMY was considerably higher in p53 À/À /Mdm2 À/À MEFs compared with their wild-type counterparts, with p53 À/À /Mdm2 À/À MEFs showing a 2.8-fold increase (Fig 4A,B) . As p53 does not have any direct effect on the level of JMY (Shikama et al, 1999; Fig 1C,D) , these results are in accordance with the earlier results that Mdm2 is involved in the downregulation of JMY. Furthermore, when the half-life of JMY was studied in wild-type MEFs and compared with p53 À/À /Mdm2 À/À cells, the half-life of JMY was considerably shorter in the wild-type MEFs (Fig 4) . Moreover, the half-life of JMY in p53 À/À MEFs was similar to its half-life in wild-type MEFs (supplementary Fig 1B online) . A prediction of the effect of MG132 on JMY protein level is that JMY is directly ubiquitinated. Indeed, JMY was found to be ubiquitinated when coexpressed with His 6 -ubiquitin (Fig 5A) , a result consistent with the effect of MG132 in increasing the level of JMY observed earlier (Fig 3B,D) . Coexpression of Mdm2 and JMY increased the polyubiquitination, as shown by the extensive series of slower mobility JMY species in the presence of Mdm2 (Fig 5B) . Furthermore, this effect required the integrity of the carboxy-terminal domain, because coexpression of Mdm2 C464A with JMY resulted in lower levels of ubiquitinated derivatives. By contrast, the coexpression of Mdm2 D58-59 with JMY resulted in ubiquitinated JMY, with levels that were more similar to those seen in the presence of wild-type Mdm2 (Fig 5B) . Similar results were seen in both U2OS cells and p53 À/À /Mdm2 À/À MEFs (Fig 5A,B; supplementary Fig 1C online) . Combined with the earlier results on the effect of the Mdm2 E3 ligase inhibitor (Fig 2A) , we have shown that the E3 ligase activity of Mdm2 is involved in regulating JMY ubiquitination.
We investigated the protein domains of Mdm2 involved in the interaction with JMY by studying the binding properties of a series of Mdm2 mutant derivatives ( Fig 5C) . As expected, full-length Mdm2 and JMY could bind to each other and, similarly, Mdm2 D58-89 immunoprecipitated with JMY (with about 30% reduced efficiency). Mdm2 C464A bound to JMY, whereas the C-terminal mutant 1-440, which lacks the RING finger, was much less efficient (Fig 5D,E) .
Regulation during the DNA damage response
We considered that Mdm2 might influence apoptosis mediated through the activity of JMY and p53. To assess the importance of JMY in regulating apoptosis, we used short interfering RNA (siRNA) to knock down endogenous JMY (Fig 6A) . When JMY siRNA was introduced into DNA-damaged cells and the level of apoptosis was monitored, there was a significant decrease in the proportion of apoptotic cells and a concomitant increase in G1 cells, suggesting that JMY augments apoptosis during the DNA damage response (Fig 6B) .
Given the role of JMY in promoting apoptosis, and because the p53/Mdm2 interaction is regulated by the DNA damage response (Alarcon-Vargas & Ronai, 2002) , we reasoned that the control of JMY by Mdm2 might be similarly regulated during the DNA damage response. Thus, a JMY-Mdm2 complex was present in cells under unperturbed culture conditions, whereas the amount of Mdm2 bound to JMY was very much reduced in DNA-damaged cells (40% of that present in unperturbed cells; Fig 6C) . These results indicate that the interaction between JMY and Mdm2 is regulated under DNA damage conditions, which, furthermore, 
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correlates with the DNA damage induction of JMY (Fig 1) . In support of this, JMY levels were induced during damage in wildtype, but not p53 À/À /Mdm2 À/À , MEFs (Fig 6D,E) . Finally, we studied the effect of Mdm2 on JMY-induced apoptosis. When JMY was introduced into U2OS cells (p53 þ / þ ), there was, as expected from previous studies (Fig 6B; Shikama et al, 1999) , an increase in the proportion of sub-G1 apoptotic cells (Fig 7A,B) . Coexpressing Mdm2 caused a significant reduction in the level of apoptosis, approaching that seen in the absence of JMY (Fig 7A,B) . Moreover, the integrity of the C-terminal region, but not the amino-terminal region, was required for Mdm2 to reduce apoptosis because D58-89 behaved in a similar manner to wild-type Mdm2, whereas 1-440 and C464A had a minimal effect (Fig 7A,B; supplementary Fig 1D  online) . These results therefore indicate that there is a functional relationship between JMY and Mdm2 in the control of apoptosis.
Mdm2 effect on JMY is ubiquitin-dependent
Although the inhibitory effect of Mdm2 on p53 is well documented (Haupt et al, 1997) , our results show that Mdm2 targets proteins involved in the damage response other than p53. Specifically, Mdm2 downregulates the level of JMY protein, which Cells were treated with MG132 (10 mM) 6 h before collection and isolation of His-tagged proteins was performed using Ni-NTA agarose. Elutes were run on 7.5% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and JMY was detected using the goat JMY L-16 antibody. (B) U2OS cells were transfected with 1 mg each of HA-JMY, His 6 -ubiquitin and Mdm2 (mouse double minute 2) and derivates as denoted. Cells were treated with MG132 (10 mM) 4 h before collection. His-tagged proteins were isolated using Ni-NTA agarose and eluates were run on 7.5% SDS-PAGE. JMY derivatives were detected using the goat JMY L-16 antibody. The lower panel represent 20% of inputs used in His-tagged protein isolation. Whole-cell extracts were run on 10% SDS-PAGE and HA-JMY was detected using HA11 and Mdm2 was detected using SMP14 antibodies.
(C) Representation of human Mdm2 and mutant derivatives. (D) U2OS cells were transfected with expression vectors encoding JMY (1 mg) and Mdm2 (2 mg), 1-440 (1 mg), C464A (1 mg) or D58-89 (2 mg) to a total of 3.4 mg DNA with vector control, as indicated. Cells were collected after 36 h followed by immunoprecipitation (IP) with the Mdm2 SMP14 antibody (lanes 1-4). JMY was detected with HA antibody HA11 and Mdm2 with SMP14. Because of the increased stability of 1-440 and C464A (Kubbutat et al, 1999) , input Mdm2 protein levels were normalized before immunoprecipitation and 10% of each extract is shown (lanes 5-8). Lane 9 shows a control immunoprecipitation performed with a nonspecific (NS) mouse antibody and immunoblotted (IB) with either anti-HA or SMP14. (E) Quantification of the results, shown in (D), for the interaction between JMY and the Mdm2 mutant derivatives. The level of immunoprecipitated JMY was calculated as a relative percentage of the immunoprecipitated Mdm2 derivative, which was given an arbitrary value of 100% throughout to minimize any differences resulting from expression levels. Role of Mdm2 in p53 transcription A.S. Coutts et al coincides with reduction in JMY-mediated apoptosis. Most importantly, Mdm2 forms a physical complex with JMY and it is likely that the physical interaction between JMY and Mdm2 is involved in Mdm2-dependent control of JMY, although we cannot rule out a role for other, yet to be defined, pathways. The C-terminal region of Mdm2 is necessary for the interaction with JMY; this same domain is required for Mdm2-mediated downregulation of p53 and Mdm2 oncogenic activity (Haupt et al, 1997) .
Role of Mdm2 in p53 transcription
The effect of MG132 on the levels of JMY, the requirement for Mdm2 E3 ligase activity and the increased half-life of JMY in p53 À/À /Mdm2 À/À cells suggest that Mdm2 targets JMY to a ubiquitin-dependent proteasome degradation pathway. The results highlight many striking similarities in the regulation of JMY and p53 by Mdm2 and suggest, at a more general level, that the RING finger might influence various targets in mediating the effects of Mdm2. In this respect, it will be interesting to explore the role of Mdm2 in regulating other cofactors involved in p53 transcriptional control.
In conclusion, our results define a new functional relationship between JMY and Mdm2, and indicate that JMY provides a significant level of regulation in the p53 response and perhaps an important pathway through which the oncogenic activity of Mdm2 is exerted. More generally, the control of JMY by Mdm2 suggests that diverse points of control, specifically transcription cofactors, are targets for Mdm2 in regulating the p53 response.
